Thermodynamically consistent transport theory is used to compare 3D images of real anode microstructures from lithium-ion batteries to virtual ones created by a parametric stochastic 3D microstructure model. Half-cell simulations in 3D with spatially resolved microstructures at different applied currents show that for low currents the deviations between various electrochemical quantities like current density or overpotential are negligibly small. For larger currents small differences become more pronounced. Qualitative and quantitative differences of these features are discussed with respect to the microstructure and it is shown that the real and virtual structures behave similar during electrochemical simulations. Extensions of the stochastic microstructure model, which overcome small differences in electrochemical behavior, are proposed.
Introduction
Lithium-ion batteries play an important role in various sectors and applications. Their performance is highly influenced by the materials involved and the microstructure of the electrodes [1] . Thus, on the road to achieving high energy power densities, the optimization of the 3D microstructure of electrodes is an important task. Spatially localized features can have a strong impact on the overall battery performance and battery life expectation [2, 3] . Therefore, 5 it is crucial to investigate cells not only regarding average structural quantities like e.g. mean porosity or tortuosity, but also to include the full 3D information. Techniques for structuring and directed creation of microstructures over several spatial magnitudes are getting employed more and more in lithium-battery research [4] [5] [6] . However, the problems of high costs for production and characterization, as well as low sensibility of imaging methods for certain materials remain a problem. To overcome this, stochastic microstructure models for the 3D morphology of electrochemical ma-terials can be used, see e.g. [7] [8] [9] [10] [11] . Once fitted to real tomographic image data, they serve as a tool to create virtual 3D microstructures on the computer by systematically varying the model parameters, which can be performed with much less effort than the production of those materials in the laboratory. Analyzing the electrochemical properties and performance of these structures on the computer using spatially resolved transport models yields information on which kind of microstructures enhance the performance of the corresponding materials. This procedure is called vir-15 tual materials testing. In the context of lithium-ion batteries, the resulting knowledge can then be taken into account when manufacturing real electrodes in the laboratory and thus potentially help to reduce the cost and workload of electrode optimization.
For anodes of lithium-ion cells, recently a stochastic 3D microstructure model has been developed, see [12] . The model has been fitted to tomographic image data, revealing a very good fit of morphological charcteristics, e.g., pore 20 size distribution and local tortuosity. However, if we want to use this model for virtual materials testing, we need to make sure that it does not only match the morphological properties of real anode data, but also electrochemical characteristics, i.e., structures simulated by the aid of the calibrated model have to match the electrochemical properties of real data. Otherwise nothing could be concluded from the results concerning further virtual microstructures (created by varying model parameters). To show that the electrochemical properties of the simulated microstructures reflect 25 the ones of real anode data is the topic of the present paper. This is done by using electrochemical simulations on tomographic image data of real battery anodes as well as on realizations of the calibrated stochastic model.
There are different approaches towards electrochemical modeling and simulation of lithium-ion batteries and the processes involved. The well-known porous electrode theory of Newman [13] and equivalent circuits models [14, 15] describe the microstructure of electrodes and separator as an averaged phase, which is defined by aggregate 30 morphological parameters (e.g. tortuosity and mean porosities). However, here we want to include the whole 3D microstructural information to also account for the effect of local inhomogenities, which are neglected in 1D or pseudo 2D descriptions. Hence, electrochemical models which include the 3D resolved microstructure are of interest. Thus, in this paper, the thermodynamically consistent transport theory developed in [16, 17] is applied to both, realizations of the stochastic microstructure model and cut-outs of the tomographic image data with the same size. The quantities 35 which influence possible degradation mechanisms [17, 18] were regarded with special attention. A good fit of various electrochemical properties between virtual and real image data is found, indicating that both would perform similar in a lithium-ion battery. Existing small differences between the virtual and real microstructures are addressed by proposed extensions to the stochastic microstructure model. We therefore claim that the stochastic 3D microstructure model can create microstructures which are behaving realistically regarding electrochemical performance. Thus, we 40 conclude that the stochastic microstructure model is a valid tool for microstructure generation with the purpose of virtual materials testing.
The outline of the paper is as follows. In Sec. 2, the most important background knowledge is given, i.e., the stochastic microstructure model is shortly introduced in Sec. 2.1 and in Sec. 2.2 the 3D resolved electrochemical model is explained. The experimental background and technical details in this paper are summarized in Sec. 3
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(where the experimental background is shortly summarized based on [19] ). The results of our study are presented and discussed in Sec. 4. Conclusions and outlook can be found in Sec. 5.
Theory

Stochastic microstructure model
In this section, we shortly recall some details of the stochastic 3D model that is used to generate the virtual 50 anode microstructures. The model has been proposed in [12] and all parameters as well as further details can be found there. An overview of the generation of the virtual structures is given in Fig. 1 . Generally, the model consists of three components: First, a random Laguerre tessellation, that decomposes the region of interest (ROI) into convex polytopes, is generated to determine the alignment of the particles as well as the size and coarse shape of each particle, see Fig. 1(a) . Then, a (random) connectivity graph is realized to determine the connectivity between the particles and 55 therewith connectivity of the whole particle system, see Fig. 1(b) . Finally, random particles are placed into each polytope of the Laguerre tessellation, see Fig. 1(c) . Here, a random particle model based on Gaussian random fields on the sphere is used, which is capable of incorporating the boundary conditions given by the connectivity graph, i.e., particles touch each other where indicated by the graph. Finally, we delete the auxiliary tools ( Fig. 1(d) ) and apply a morphological closing to mimic the effect of binder ( Fig. 1(e) ).
Figure 1: Schematic depiction of the stochastic model. (a) A random tessellation is generated, which roughly determines the particle shapes, sizes and locations. (b) A random graph describes how the particles connect. (c) The connected particles are then generated using Gaussian random fields on the sphere. (d) The auxilliary tools are deleted and the connected particle system is retained. (e) The particle system is morphologically smoothed to mimic the effect of binder on the contact region between particles. All pictures are taken from [12] .
Electrochemical model
The lithium-ion battery considered in this paper is modeled electrochemically according to a thermodynamically consistent model [16, 17] . This model allows for a detailed 3D microstructure-resolved investigation. A short overview of the underlying theory is given in the following section.
Thermodynamically consistent transport model
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The state of the lithium inside the electrolyte phase is given by the concentration c El and the electrochemical potential ϕ El and inside the solid phase by the concentration c So and the electrical potential Φ So . The mass balance equation and charge conservation equation are solved to obtain the time evolution of these quantities. The governing equations are listed in Eq.
(1)
with N i as the lithium flux in the phase i:
and j i as the current density in the phase i:
The partial differential equations in the different phases are in contact at the corresponding interfaces. The particle and current fluxes are continuous. This is represented by the following equations (also called interface conditions):
The normal of the interface area n So−El is pointing from the solid (So) into the electrolyte (El). The interface current between solid and electrolyte is described by i SoEl . Different reactions and types of interfaces can be expressed by 75 using different expression for i SoEl . In this paper, a symmetric Butler-Volmer (see Eq. (5)) is used for the interface current between the intercalation material (graphite) and the electrolyte. For more detailed information and explanations about the underlying theory the reader is referred to [16, 17] . The properties of the different materials (electrolyte, graphite, ...) are represented by their respective parameters (e.g.: lithium diffusion coefficient inside the anode D Anode ).
Reactions
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In this paper, we investigate batteries in half-cell setup. As counterelectrode a lithium foil is used. We therefore assume lithium-intercalation into the graphite and lithium-deposition at the lithium-metal counterelectrode.
Intercalation
The intercalation reaction from the electrolyte into graphite is described by
During the intercalation, lithium ions in the electrolyte shed their solvation shield, cross the interface between electrolyte and solid, and move into the solid phase. This reaction (R-Inter) is described with a symmetric Butler-Volmer-
The overpotential for the reaction is the difference between the electrochemical potentials of the lithium ions in the involved phases. A strict derivation leads to
with the electrical potential Φ So in the solid (graphite), the electrochemical potential ϕ The current flux at the the interface is expressed by a symmetric Butler-Volmer:
with the overpotential
Experiments and Simulation
Measurement of microstructure
In this paper two samples extracted from a large scale lithium-ion battery used in automotive applications have been considered. The cell was produced without electrolyte to ensure that the microstructure was not altered due to The tomographic measurements of the microstructure were performed at the Synchrotron X-ray imaging facility
BAMLine at BESSY (Berlin, Germany). The setup consists of a PCO4000 detector system with 4008×2672 pixels and an optical system (Optique Peter) with a CWO scintillator screen that was used to convert X-rays into visible light.
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An X-ray energy of 19 keV was used. The voxel size is about 0.44 µm 3 . During the tomographic measurement, 2200 single radiographic projections were taken at equidistant angles over a range of 180°. A filtered back-projection algorithm was used for 3D data reconstruction. The reconstructed images have a resolution of 2097 × 828 × 119 voxels. Each voxel has a grayscale value, which ranges from 0 to 255.
Ten cut-outs with dimension 400 × 400 × 119 are extracted from each of the two samples. These 20 cut-outs are 100 the real microstructures used for the electrochemical simulations.
The virtual structures have been sampled directly from the model described in Sec. 2.1. To prevent edge effects, we sampled larger structures and took cut-outs with dimension 400 × 400 × 119.
Electrochemical simulations for validation
The electrochemical simulations in this paper are conducted using the framework BEST (Battery and Electrochemistry
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Simulation Tool [21] ), which is a finite volume implementation of the thermodynamic model derived in [16, 17] . Unfortunately, we obviously cannot compare our results to laboratory experiments, as the virtual structures only exist on the computer, however, the validity of the electrochemical model has been shown in [22] . The simulations are run on the high performance computing cluster JUSTUS, located at Ulm University. The directions perpendicular to through direction are called lateral directions (see also Fig. 2(a) ). The base size (lateral directions) is more than three times larger than the size of the sample in through direction and allows for a sufficient 120 representation of possible lateral effects.
Electrochemical simulations
The battery setup in this paper is in half-cell configuration, which is operated with a constant current. In Fig. 2(a) a rendering of the battery geometry used for the electrochemical simulations based on one of the real cut-outs is
shown. In our model, the through direction represents the full-cell thickness and all structural details are resolved. In type of behavior but also exhibit a deviation: at any given time during delithiation, the virtual structures always show a somewhat higher cell potential compared to the real ones. This is attributed to a slightly different overpotential 145 caused by a difference in active area between real and virtual structures. This deviation is most pronounced for long simulations, but is also visible shortly after the simulation starts. On that account, a simulation duration shorter then a full delithiation or lithiation should suffice to allow for the investigation of electrochemical differences between the real and virtual microstructures. Hence, a current pulse duration with a duration of 10 s was chosen and all spatially resolved characteristics are investigated after 10 s. Simulations have been performed with three different current den-150 sities (high, medium, low) to allow for different amounts of charge transferred during delithiation. They are listed with respect to the current collector area in Tab. 1. The current is applied at the positive current collector. The analysis of simulation results shows that the same microstructure behaves similar for different currents. A higher applied current leads to a more distinct effect for certain features. As an example, the distribution of electrolyte concentration at different applied currents for one real microstructure cut-out is shown in Fig. 2 
(c). A direct comparison of the
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histograms of the electrolyte concentration is not possible, therefore they are scaled in a way that the locations of the two maxima in the distribution are identical for the three currents. One can see that the shapes of the peaks are nearly identical. Also the features between the peaks exhibit a similar form. As these observations of similar trends and shapes were also made for other quantities, further discussions and comparisons of real and virtual microstructures are only shown for the highest current (current h). As stated before, for some quantities a stronger separation between 160 interesting features occurs for the highest current.
Parameters
The half-cell simulation uses the porous graphite electrode with a flat lithium counter-electrode. The separator is represented by an effective porous medium between the two electrodes. In Tab. 2 the material parameters needed for the electrochemical simulations for the various phases are listed. We chose the parameters in accordance with common 165 literature. Note that in the present study, we focus on morphological and geometrical material parameters rather than chemical and physical ones, thus, it is sufficient to chose quite arbitrary, but realistic parameters to compare real and virtual morphologies. As electrolyte LiPF 6 in PC/EC/DMC was used. All simulations are conducted isothermally at the same temperature (T = 298 K), hence temperature effects are neglected. This assumption is valid since a previous study [17] showed that the main heat production is due to the irreversible Joule heat at the interface between active 170 material and electrolyte, and thus only depends on the active surface area, which only slightly differs between real and virtual structures.
Results
Throughout this section, blue color indicates results for real structures, whereas red color is used for virtual structures. Solid lines show the course of the mean value of a quantity and the region between the 5 % and 95 %- surface area and the solid volume of the real and virtual microstructures are listed. The surface area of the voxelized structures (see Tab. 3) shows a different trend compared to the surface area of the smoothed (virtual) structures (see Fig. 1 (e) and [12] ). These differences are a result of the voxelization process, which converts smooth geometries into structures consisting of cubic voxels. Nevertheless, the deviations between mean cellpotential of the real and
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virtual microstructures are less than 1 % or 5 mV and thus the microstructures show a very good agreement. While the cut-outs of the real microstructures exhibit a spread between minimal and maximal surface area of 16 %, the cell potentials vary by less then 3 %. A similar trend is found for the virtual structures. Thus, we conclude that real and virtual microstructures are not discriminable from overall cell performance data.
Additionally the effective diffusion coefficient and the effective conductivity in through-direction were calculated quantities is discussed in the following sections. As a next step, we examine several intrinsic quantities more closely.
In the following all quantities are taken at the end of the delithiation simulation at t = 10 s.
Electrolyte concentration
The first quantity of interest is the electrolyte concentration. The temporal evolution of this quantity during the electrochemical simulations is highly influenced by the 3D microstructure and is therefore sensitive to possible 210 deviations between the real and virtual microstructures. The distribution of the electrolyte concentration at the end of the discharge pulse (see Fig. 5(a) ) is considered separately for the pore space of the electrode and the separator (inset). The small peak at 1.2 mol/l indicates volumes of the pore space in the electrode, which are not connected to the main pore network. In real microstructure these unconnected regions would not be filled with electrolyte.
In the simulations these volumes were filled with electrolyte, but they stay electrochemically inactive. Hence these
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"unconnected pore volumes" appear as a small peak at the initial concentration. The virtual structures exhibit more unconnected pore space than the real microstructures. This might occur due to the connection rule of particles in the stochastic microstructure model. The concentration maxima in the virtual structures are at slightly lower positions than for the real ones. This is also visible in the 3D-spatial distribution for two selected cut-outs (see Fig. 5(c) ). The virtual structures show an overall smaller spread between minimal and maximal concentrations as well. Therefore 220 the electrolyte concentration distribution of the virtual cut-outs inside the separator (inset in Fig. 5(a) ) is shifted to a distance to separator / 7m higher position than for the real ones. This effect is attributed to the slightly larger total electrolyte volume (see Tab. 3) and the accordingly minor spatial concentration gradients.
In Fig. 5 (b) the average electrolyte concentration as a function of the distance to the separator is displayed. The shapes of the concentration functions for the real and virtual structures are nearly identical. Close to the current 225 collector the concentration is somewhat higher for the real structures compared to the virtual structures. The nonlinear gradient of the concentration is due to the superposition of transport and delithiation. Since there are no lithium ion sources in the separator, the lithium diffusion and migration lead to a linear concentration gradient. The small difference between the concentration functions for real and virtual structures is probably due to the small differences in electrolyte volume (see Tab. 3). The shape of the spatial distribution of the mean electrolyte concentration is quite similar to what is usually obtained as a result of porous electrode theory [17, 24] . One of the advantages of the 3D simulation is that local effects are easily resolved and no special assumptions are needed. In Fig. 5 (c) the spatial distribution of electrolyte concentration is shown for two cut-outs of real and virtual microstructures. In both cut-outs some less-than-average connected pores can be seen: The small orange/yellow pore close to the separator and the dark red in the lower corner for the virtual structure and the dark red at the upper current collector interface for the 235 real structure. The concentration profile of the real structure shows higher concentration (more dark red) compared to the virtual microstructure. This is in agreement with the slight difference in the position of the concentration peak in Fig. 5(a) .
Current density
The current density is a quantity, which influences the degradation inside a battery. Lithium plating, SEI growth 240 and electrolyte decomposition are some of the reactions, which are highly influenced by the local current flow [18] .
High currents increase the local temperature [17] and hence lead to local decomposition of SEI, or, in the worst case, to start exothermic reactions which lead to thermal runaway.
The current density in the electrolyte and solid phase is defined in Eq. (3). At the interfaces between the solid phase and the electrolyte, the current density is continuous and given by the interface condition
with the interface current i So−El as defined by Eq. 
Electrolyte phase
The current densities in the electrolyte phase of the real and virtual microstructures show a nearly identical behavior (see Fig. 6(a) ). The virtual structures contain slightly more regions with smaller current densities. For higher local current densities, which could be critical for SEI decomposition, no differences can be seen between the two microstructure sources. This is one of the indications that the virtually generated microstructures are electrochemically 250 very similar to the real structures.
The spatial distribution of the average current density magnitude is shown in Fig. 6(c) . The current density increases from the current collector towards the separator, since the charge transport changes from solid to electrolyte phase. The largest deviation between current densities of the virtual and real structures is observed close to the separator. The real microstructures display a current density, which is roughly 10 % higher than the values for the 255 virtual structures close to the separator. We attribute this difference to the increase in the solid volume fraction (SVF) close to the separator for the real microstructures, which is not resembled by the model and leads to a decrease of electrolyte volume. This, in turn, leads to an increase in the current density, since the same amount of current needs to flow through a smaller volume.
Solid phase
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In Fig. 6(b) the distribution of the current density in the solid is shown. The frequencies of the current densities in real and virtual microstructures both show a broad peak for small values of the current density. This peak has two smaller peaks as features, which are shown as inset, and are present in both, virtual and real structures. Similar to the spatial distribution of the current density in the electrolyte, the current density inside the solid phase of the electrode shows a deviation close to one of the electrode interfaces (see Fig. 6(d) ). For the solid phase, the slope of the 265 current density is reverted compared to the electrolyte phase, since closer to the separator more and more charge gets transported through the electrolyte phase. Close to the current collector two features are visible: the average current density in the solid phase increases for some distance (roughly 5 µm). In the same region, the values for real structures are smaller than for the virtual ones. As soon as the current density starts to decline, the values of the real structures are larger. Both features are accounted on the spatial variance of the solid volume fraction (see Fig. 4 ): The increase 270 in current density is a result of the decreasing solid volume fraction in this spatial range, because the same current across a smaller cross-sectional area results in a higher current flux density. Since the change in the SVF is larger for the real than for the virtual structures, the blue curve starts lower and ends higher than the red curve. The difference in current density at the current collector interface is also a result of a difference in the cross-sectional area: The real geometry has a roughly 5 % larger contact area with the current collector than the virtual structure and therefore, in 275 line with the previous argument, a smaller current flux density.
The analysis of the current densities in the two relevant phases indicates that the real and virtual structures exhibit quite identical characteristics. Therefore, we expect the virtual and real structures to behave similar regarding degradation and other local current flux dependent processes.
Overpotential
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The distribution of the overpotential η So−El , as defined by Eq. (5) and (6),is shown in Fig. 7(a) . The overpotentials of real and virtual structures show a similar behavior. A positive overpotential indicates deintercalation/delithiation of lithium ions from the graphite into the electrolyte. It is clear that only deintercalation is taking place throughout the graphite electrode. The peaks at 0.00 V indicate the presence of interface areas between the solid phase and electrolyte pores, which are unconnected to the main pore space. This shows that the virtual microstructures contain 285 more unconnected pore volume compared to the real structures, which is in agreement with Fig. 5(a) . The second feature in the frequency plot consists of a large peak with a broad shoulder near higher overpotentials. The virtual structures exhibit a lower average feature compared to the real ones, whereas the real structures reach slightly higher overpotentials with a small shoulder. This additional feature is attributed to the differences in the solid volume fraction close to the separator (see Fig. 4 ).
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The overpotential in the electrode as a function of distance in through-direction is shown in Fig. 7(b) . The overpotential increases from the current collector towards the separator. This indicates an increase of the current flowing through the interface between solid and electrolyte. Due to the non-linear relation between the overpotential and the exchange current, the overpotential increase by about 50 % leads to an increase of the average interface current of about 100 %. The spatial distribution of the overpotential is quite similar for both kinds of structures. The virtual 295 structures show a large spread for the most part and a kink close to the current collector. This kink is also attributed to the small morphological difference between virtual and real structures as described before (see e.g. Fig. 4) . A larger overpotential close to the separator indicates a larger interface current. The spatial distribution of the exchange current density should exhibit a similar shape to the spatial distribution of the overpotential (see Fig. 7(b) ), with the maximal exchange current density close to the separator and the minimal value close to the current collector. The spatial distribution of the lithium ion flux inside the electrolyte, shown in Fig. 8(a) , is identical for virtual and real structures. This, again, indicates that the two microstructure sources behave identical for the simulation of degradation and other processes. 
Solid phase
The spatial distribution of the lithium flux inside the solid phase is shown in Fig. 8(b) . Since the solid electrode has a flat surface at the separator interface and therefore an increased active surface, that part of the electrode has an increased mean lithium flux density. There is also a deviation between the two geometry types in this region:
The change in the lithium flux is more abrupt for the real than the virtual structures. On the other side (in through- Apart from these features, the spatial lithium flux distributions inside the solid phase are quite identical for real and virtual structures. They both range over similar values and show a similar shape.
Conclusion & Outlook
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In this paper, we used spatially resolved electrochemical simulation in 3D to compare real (tomographically reconstructed) microstructures from lithium-ion cell anodes to the realizations of a stochastic microstructure model.
The model was previously fitted to the tomographic image data and was validated using image characteristics from stochastic geometry. We used 20 cut-outs from real and simulated microstructures respectively.
From the results of the electrochemical simulations we calculated several characteristics that were used for the comparison of both kinds of microstructures. Namely, the average cell potential, the spatial concentration of lithium in the electrolyte, the distribution of the current density inside the electrolyte and the solid phase, the distribution of the overpotential at the solid-electrolyte interface and the spatial distribution of the lithium flux inside the solid phase.
While a good overall fit of electrochemical characteristics computed for real and virtual microstructures could be shown, there are some small deviations that might slightly influence predictions made from simulation with virtual 325 structures. The main difference is the inhomogeneous distribution of the volume fraction along through-direction, see Fig. 4 . The increase of the volume fraction near the current collector and near the separator that is likely to be caused by the calendering [25, 26] during the production process is something that can be incorporated into the microstructure model by considering an inhomogeneous distribution of volume fraction in through-direction. Furthermore, there exist isolated pores in the anode, see Fig. 5(a) . As there can be no ion exchange with the cathode this means that these 330 pores do not take part in any reactions and thus reduce the active surface area as well as the active volume of the anode [27, 28] . To minimize the deviations between real and virtual structures a possible further extension of the microstructure model could be to prevent too many unconnected pores by considering a connectivity graph for the pores similar to the one for the particle connectivity, see [12] . The voxelized virtual structures also exhibit a slightly larger active surface area compared to the real microstructures. This results in a shift of the cell potential since a 335 larger electrochemical active surface area leads to smaller overpotentials at the interfaces. This could be improved by extending our particle model and sampling procedure in a way that the expected surface area of the particles can be controlled like the expected volume of the particles. This would enable us to generate particles and entire microstructures where the active surface area can be adjusted.
If these three improvements are integrated into the stochastic microstructure model, a very good agreement be-340 tween the virtual and real structures can be expected. Thus, such an extended microstructure model can be used to create structures that behave electrochemically very similar to the real ones. Additionally, it would be of great advantage to use the procedure described here for the fitting of the parameters in the stochastic microstructure model. The fitting procedure described in [12] could then be used for the initial values that are refined by the usage of electrochemical simulations. Using such a procedure microstructures with an even better accordance regarding electrochemical 345 characteristics can be achieved.
Noteworthy is the fact that even though the real cut-outs are extracted from the same tomographic image, a variation in all electrochemical parameters is evident. It is therefore advisable to use several cut-outs or representations of real microstructures if one is interested in their performance. Overall, as it is possible to generate virtual structures that behave similar to real structures extracted from tomo-350 graphic 3D images, a next step could be to generate structures that correspond to more sophisticated structures that
are not yet produced. This procedure is called virtual materials testing (VMT) and was already applied in related applications [7] . Our next goal is to utilize these techniques for the anode microstructure described in this paper. By this approach one is able to identify optimal structures with minimal experimental effort which can then later be produced and measured with the standard techniques. This is done by creating a large amount of (realistic) microstruc-tures using systematic variations of parameters in the stochastic microstructure model. These virtual microstructures can be analyzed using electrochemical characteristics as described above and finally, optimal microstructures can be identified. 
